We studied the synergistic effects of stem cell factor (SCF) and other burst-promoting activities (BPAs) such as interleukin-3 (lL-3), granulocyte-macrophage colony-stimulating factor (GM-CSF), or IL-9 on proliferation of human peripheral blood-derived highly purified progenitors. SCF, IL-3, GM-CSF, and IL-9 showed significant BPA when CD34+HLA-DRf cells were used as the target population. IL-3 exerted the most potent BPA, and GM-CSF supported approximately 40% to 70% of the erythroid burst-forming units that are responsive to IL-3. SCF and IL-9 showed much weaker BPA than that of IL-3 or GM-CSF. Combinations of IL-3 with other BPAs did not show synergistic actions supporting erythroidburst formation. However, GM-CSF showed a significant additive effect with IL-9 or SCF. When CD34+c-kithigh cells were 0 UR UNDERSTANDING OF the mechanisms of control of erythropoiesis is not fully established. Two types of erythroid progenitors have been described, the erythroid burst-forming unit (BFU-E) and the colony-forming unit-erythroid (CFU-E).' Early erythroid progenitors known as BFU-E require the presence of burst-promoting activity (BPA) for their proliferation, in addition to erythropoietin (Epo)? In earlier reports:A we observed that interleukin-3 (IL-3) and granulocyte/macrophage colony-stimulating factor (GM-CSF) have significant BPA, and IL-3 shows a more potent BPA than GM-CSF. In addition, we reported that human IL-9, which was originally identified as a growth factor for the human megakaryoblastic cell line M07E: selectively supports erythroid-burst formation! We also suggested that IL-9 possibly supports the formation of a subpopulation of BFU-E that are responsive to IL-3.6 Our results were consistent with those of a number of other report^.^"^ Recently, the ligand for c-kit proto-oncogene product was identified as stem cell factor (SCF), which is also known as steel factor, mast cell growth factor, or kit ligand.I5-I7 Both membrane-bound and soluble forms of human SCF have been identified.16 Many studies indicated that the c-kit molecule is expressed on primitive progenitor cells and plays an essential role in murine and human hematopoiesis.'*-24 Furthermore, several investigators have reported that the soluble form of SCF acts as a BPA in human culture sysTo clarify the interactions of BPAs that regulate proliferation and differentiation of early erythroid progenitor cells, the effects of four known BPAs including IL-3, GM-CSF, IL-9, and SCF were compared using fluorescence-activated cell sorter (FACS)-sorted highly purified progenitors derived from peripheral blood (PB) cells. IL-3, GM-CSF, IL-9, and SCF exerted significant BPA on erythroid-burst formation by PB-derived CD34+HLA-DR+ cells. The effects of these four BPAs using PB-derived highly purified CD34+ cell populations that expressed different levels of c-kit protein were then studied in serum-free culture. When a CD34+c-kithiSh population was used as the target, these four BPAs showed significant BPA, and a significant additive or synergistic action between SCF and IL-3, GM-CSF, or IL-9 was observed. In contrast, IL-9 alone failed to support erythroidburst formation by CD34+c-kitl0" cells. These results lead us to propose that IL-9 supports more mature early erythroid progenitors as compared with that of those cells supported by IL-3, GM-CSF, or SCF and that SCF supports primitive multipotential progenitor cells.
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factor in titration experiments (data not shown). Rabbit polyclonal neutralizing antihuman E -9 (aIL-9) antiserum was kindly provided by Dr Edward M. Alderman (Genetics Institute, Cambridge, MA). A 1 :200 dilution of this antisera neutralized 5 U/mL of IL-9 protein in the M07E proliferation assay.
Cell preparation. After informed consent was obtained, PB mononuclear cells were collected from patients with testicular tumors by leukapheresis using Fenwall CS-3000 (Fenwall Laboratories, Inc. Deerfield, IL). In these patients, hematopoietic progenitors were mobilized into PB by a combination of chemotherapy and G-CSF, as we reported elsewhere.2y Cells in the collection bag were centrifuged at l5Og for 15 minutes, and buffy-coat cells were transferred to the second bag. These cells were diluted with CaZ+-and Mg*+-free phosphate-buffered saline (PBS-) and layered on a 40%/60% Percoll gradient in 15 mL polystyrene tubes. After centrifugation at 4001: for 30 minutes, interphase cells were obtained with Pasteur pipette. A part of the cells were used for the present studies, and the remaining cells were subsequently frozen using a rate-controlled programmed freezer for autotransplantation as reported elsewhere."' Cells separated by Percoll gradient contained on average 6.4% ? 3.6% CD34+ cells according to FACS analysis (n = 9). For the present studies, cells were washed twice with a-medium containing 5% fetal calf serum (FCS; Flow Laboratories, Inc), and nonadherent cells were recovered by overnight adherence to plastic dishes. The mononuclear nonadherent cell fractions were further enriched by negative selection using soybean agglutinin (SBA) Micro-CELLector flasks (Applied Immune Science Inc, Menlo Park, CA) following the instructions of the manufacturer. For some of the experiments, previously frozen mononuclear cells were also used after rapid thawing as Stained cells were sorted using a FACStar Plus single-laser flow cytometry system. Sorting gates were established for both forward scattering and side scattering. A dual-parameter dotogram displaying FITC(CD34) and PE (HLA-DR or c-kit) fluorescence was then generated from gated events. Using these gated dotograms, CD34+HLA-DR' cells were sorted for clonal cultures. The sorting windows for CD34' cells expressing different levels of c-kit protein were also established as shown in Fig I . CD34+ cells were subdivided into three fractions including c-kith'ghh, c-kit'"", and c-kit-populations as reported.32 Data acquisition was performed using the FACStar Plus Research Software. A minimum of 20,000 events was analyzed on each sample. We isolated the CD34'HLA-DR+, the CD34+c-kithlKh, and the CD34'c-kit'"" populations, respectively. The phenotypic purity of sorted cells determined by postsorting flow cytometric analysis exceeded 90%. After sorting, the recovered cells were washed twice with &-medium and cultured as described below.
Clonal cell culture. Cultures were performed in 35-mm Lux suspension culture dishes (no. 171099; Nunc Inc, Naperville, IL) as we reported e l s e~h e r e .~.~~"~~ One milliliter of culture contained 200 to 500 sorted cells, I .2% of 1,500 centipoise methylcellulose (Shinetsu Chemical, Tokyo, Japan), 30% FCS, 1% deionized fraction V bovine serum albumin (Sigma Chemical CO, St Louis, MO), 5 X 10" m o m 2-mercaptoethanol (Sigma), and 1 or more recombinant human CSFs. Final concentrations of each CSF were as follows: IL-3, 10 ng/mL; GM-CSF, 10 ng/mL; C-CSF, 20 ng/mL; Epo, 2 U/ mL; and IL-9, 100 U/mL. These concentrations supported maximal total colony formation in preliminary titration experiments (data not shown). In some experiments, neutralizing concentrations of aIL-3. aGM-CSF, and aIL-9 antisera were added to cultures. Cultures were preincubated with these antisera for I hour at room temperature before beginning cultures.
Briefly, 200 to 500 sorted cells were plated in 35-mm Lux suspension culture dishes (Nunc) containing attenuated a -m e d i~m ,~~ 1.2% methylcellulose I % globulin-free bovine serum albumin (Sigma) that had been crystallized and deionized, 5 X IO-' molL 2-mercaptoethanol. 300 ,ug/mL fully iron-saturated human transferrin (95% pure:
Sigma), 5 X molL sodium selenite (Sigma), IO pg/mL lecithin (Sigma), 6 pg/mL cholesterol (Sigma), 1 pg/mL bovine pancreas insulin (Sigma), and various growth factors.
Dishes were incubated at 37°C in a fully humidified atmosphere flushed with a combination of 5% COz, 5% O,, and 90% NZ. 
RESULTS

Effects of various concentrations of SCF on erythroidburst formation.
First, we examined the dose-response effects of SCF on erythroid-burst formation by 500 PB-derived CD34+HLA-DR+ cells that represent a highly enriched population of progenitor^.^^ SCF alone did not support significant colony formation (data not shown). In the presence of Epo, concentrations of SCF in excess of 10 ng/mL induced significant erythroid-burst formation as shown in Fig 2. However, the BPA of SCF was much weaker than that of IL-3. Based on these data, we chose 20 ng/mL SCF as the standard concentration in the following experiments.
Comparison of BPA of SCF with other known BPAs. The BPA of SCF was then compared with other known BPAs including IL-3, GM-CSF, and L 9 using 300 to 500 PBderived CD34+HLA-DR+ cells as the target population. The results of one representative experiment are shown in Table   1 . Approximately 50% of cells in this population formed colonies in the presence of a combination of IL-3, GM-CSF, G-CSF, and Epo. IL-3 showed the most potent BPA, whereas GM-CSF supported approximately 70% of BFU-E that were responsive to IL-3. The BPA of SCF was much weaker than that of IL-3 and was almost identical with that of IL-9. IL-3 and GM-CSF, but not IL-9, supported significant E-Mix colony formation. On the other hand, SCF supported a small number of E-Mix colony formation.
Effects of aIL-3, aGM-CSF, and aIL-9 antisera on erythroid-burst formation supported by SCF plus Epo. As shown in Fig 2 and Table 1 , SCF showed a significant BPA on erythroid-burst formation by highly purified progenitor cells at low cell density; however, 30% FCS was used in these cultures. Unknown factors or known BPAs such as IL-3, GM-CSF, or IL-9 may have been present in our culture system and may have affected the BPA of SCF. To rule out such a possibility, the effects of neutralizing antisera against these BPAs were investigated. The results are presented in Table 2 . A combination of neutralizing antisera including aIL-3, aGM-CSF, and aIL-9 abrogated the BPA effect of the relevant cytokine. However, SCF again showed a significant BPA in the presence of a combination of aIL-3, aGM-CSF, and aIL-9 antisera. These results showed that SCF has an apparent BPA that is independent of IL-3, GM-CSF, and IL-9 but do not rule out the possibility that unknown cytokines might contribute to this activity.
Effects of single BPA or a combination of more than two BPAs on erythroid-burst or E-Mix colony formation using PB-derived CD34+HLA-DR+ cells. To clarify the interactions of four BPAs, the effects of single BPA or a combination of more than two BPAs on erythroid-burst or E-Mix colony formation were studied. We cultured 500 PB-derived CD34+HLA-DR+ cells and compared the colony-forming ability of four BPAs. As shown in Fig 3, IL-3 again elicited the most potent BPA, and GM-CSF supported approximately 70% of BFU-E that were responsive to IL-3. The plating efficiency of this culture was approximately 50%. The BPA of IL-9 or SCF was much weaker than that of IL-3 or GM-CSF. IL-9 induced a slightly higher number of erythroid bursts than that supported by SCF. Combinations of IL-3 ' CSFs contained IL-3, GM-CSF, G-CSF, and Epo.
t P < ,001, percentage of significant change from control.
* P < .01, percentage of significant change from control.
For with GM-CSF, SCF, or IL-9 did not show synergistic actions. In contrast, when GM-CSF was combined with SCF or IL-9, the number of BFLJ-E increased significantly ( P < .05 and P < .01). The number of E-Mix also increased, although this difference was not statistically significant. Interestingly, a combination of SCF and IL-9 exerted a distinct . .. .
E-Mix BFU-E (CFU-GM)
additive effect on erythroid-burst formation. SCF only supported a small number of E-Mix colony formation; however, a combination of SCF and IL-9 supported a significant number of E-Mix colonies. A combination of three BPAs such as GM-CSF, IL-9, and SCF supported almost the same number of erythroid bursts as that supported by IL-3 alone. Finally, a combination of all four BPAs induced the maximal number of erythroid-burst formations.
Combinations of the different BPAs also affected the sizes of the erythroid burst (Fig 4) . The cell number of each burst was counted using a counting chamber, as we reported prev i o~s l y .~ When more than two BPAs were combined, the sizes of erythroid bursts significantly increased ( P CC .05 by Mann-Whitney rank-sum test), with the exception that the combination of IL-3 with GM-CSF had no effect. A combination of four BPAs exerted the strongest stimulatory effect on proliferation of cells within the erythroid bursts; half of them were macroscopic colonies containing more than 1 X IO4 cells per colony.
Effects of single BPA or a combination of more than two BPAs on erythroid-burst or E-Mix colony formation by PBderived CD34+c-kip8" or CD34+c-kit'"" cells in serumfree culture. In the previous experiments, 30% FCS was used in our cultures. FCS most likely contains known or unknown substances that are capable of modulating the effects of BPAs such as those of SCF, IL-3, GM-CSF, and 1L-9. To reduce this possibility, PB-derived highly purified progenitors were cultured at low cell density in our serum-free culture ~ystern.4"~ Because Gunji et a133 showed that CD34' cells could be subdivided into three subfractions (c-kithighh, ckit'"", and c-kit-cells) and that CD34'c-kit'"" cells are an independent population, C D 3 4 +~-k i t~'~~ cells and CD34'ckit'"" cells were separately sorted as shown in Fig 1, and Fig 5) . On the other hand, SCF supported a significantly higher number of erythroid bursts than did GM-CSF ( P < .02) and induced a significant number of EMix colony formations. The BPA of SCF was apparently much stronger than that when PB-derived CD34+HLA-DR+ cells were used as the target. IL-9 showed much weaker BPA than the other cytokines and did not support E-Mix colony formation. However, IL-9 significantly increased the number of E-Mix colonies in the presence of GM-CSF ( P < .05). As shown in Fig 3, IL-3 did not show a synergistic action with GM-CSF, IL-9, or SCF on erythroid-burst formation. In contrast, IL-3 plus SCF produced a significantly higher number of E-Mix colonies compared with that for IL-3 alone ( P < .05). In addition, GM-CSF showed a significant subadditive or additive effect with SCF on erythroid-burst ( P < .01) and E-Mix colony ( P < .05) formation. SCF also exerted a subadditive effect with IL-9 in support of erythroidburst formation ( P < .01). A combination of GM-CSF, IL-9, and SCF supported almost the same number of erythroid bursts as that supported by IL-3 alone. The number of EMix colonies supported by a combination of four BPAs was three times higher than that of IL-3 alone ( P < .Ol), and the plating efficiency of this culture was roughly 80%.
Finally, we compared the effects of the four BPAs on erythroid-burst and E-Mix colony formations using 500 CD34+c-kitloW cells as the target population (Fig 6) . The plating efficiency of this culture was approximately 50% in the presence of a combination of IL-3, GM-CSF, G-CSF, and Epo. This population contained roughly 50% CFU-GM, 40% BFU-E, and 10% E-Mix colonies. In this experiment, IL-3, GM-CSF, and SCF again showed significant BPA, and each BPA supported E-Mix colony formation. IL-3 showed the most potent BPA. SCF supported almost the same number of erythroid bursts as that supported by GM-CSF. The number of erythroid bursts supported by GM-CSF significantly increased in the presence of SCF ( P < .05). In contrast, IL-9 alone did not show a significant BPA, and the synergistic action between IL-9 and SCF disappeared. The number of E-Mix colonies supported by IL-3 or GM-CSF markedly increased in the presence of SCF ( P < .02). A combination of four BPAs supported twice the number of E-Mix colonies induced by IL-3 plus Epo ( P < .05). These results obtained in serum-free culture strongly suggest that these four BPAs act on erythroid-burst or E-Mix colony formation without needing unknown serum factors.
Comparison of sizes of erythroid bursts generated by PBderived CD34+c-kithigh or CD34+c-kit"" cells in serum -free cultures. Next, we compared the sizes of erythroid bursts generated by PB-derived CD34+c-kithigh or CD34+c-kit'"" cells in serum-free cultures. The results are shown in Fig 7. The size of erythroid burst generated by CD34'c-kit'" cells was significantly larger than that generated by C D 3 4 +~-k i t~'~~ cells in the presence of IL-3 plus Epo ( P < .01 by MannWhitney rank-sum test). In contrast, there was no significant difference in the size of erythroid burst between these two
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populations that expressed different levels of c-kit protein in the presence of SCF plus Epo.
DISCUSSION
It has been well-documented that both BPA and Epo are required for the proliferation of BFU-E.'.' Until now, at least four cytokines, IL-3, GM-CSF, IL-9, and SCF, have been tween SCF and other BPAs on erythroid-burst or E-Mix colony formation by cells originating from different sources such as bone marrow (BM), PB, or cord blood (CB) are not yet fully understood. Recently, Kubo and Nakahata" reported that BM-, PB-, and CB-derived erythroid progenitors respond differently to different BPAs such as SCF, IL-3, or GM-CSF. They concluded that SCF exerted the most potent BPA on BM-derived BFU-E, and IL-3 was the most potent stimulator of PB-and CB-derived BFU-E. Their results suggest that the c-kit/SCF system plays an important role in erythropoiesis in the BM.
In this study, we first compared the effects of the four BPAs, IL-3, GM-CSF, IL-9, and SCF, on erythroid-burst and E-Mix colony formation using PB-derived highly purified progenitor cells as target populations. These progenitors were obtained from patients with testicular cancer by leukapheresis after chemotherapy and G-CSF administration; therefore, they might not behave like normal progenitor cells. However, all of them could repopulate the BM after a combiidentified as BpAs,7.4,6-'4.2S~28 However, the interactions be- plus Epo, the size of erythroid burst generated by CD34+c-kitlow cells was slightly larger than that generated by CD34'c-kithigh cells. However, there was no significant difference between these two progenitor cell populations.
nation of high-dose chemotherapy and PB stem cell transplantation using these progenitors, as we reported elsehere.'^ As reported previou~ly,'~"~~" IL-3 and GM-CSF have BPA, and IL-3 shows more potent activity than GM-CSF. In addition, 1L-9 and SCF exerted significant BPA when PBderived CD34+HLA-DR' cells or CD34'c-kithlgh cells were used as targets. These results were consistent with a number Although IL-9 could support erythroid-burst formation by PB-derived CD34+c-kithIgh cells, IL-9 alone failed to support erythroid-burst formation by CD34'c-kit'"" cells.
As shown in Fig 1, PB-derived CD34+c-kithIgh cells expressed lower levels of the CD34 antigen on their surfaces. Therefore, our data suggest that these cells seem to be more mature progenitors than CD34'c-kit'"" cells that expressed higher levels of the CD34 antigen. Recently, Katayama et al" proposed a model in which c-kit protein is expressed at low levels on primitive multipotential progenitors and at high levels on more differentiated progenitors in a murine culture system. Very recently, Gunji et aI3' clearly showed that the number of long-term culture-initiating cells" was of other studies,7-1~.~~-?X.3~
For personal use only. on October 30, 2017. by guest www.bloodjournal.org From larger in human BM-derived CD34+c-kit1"" cells than in CD34+c-kithigh cells, and that the latter population derives from the former after 4 weeks of coculture on stromal cells. These results from BM strongly suggest that CD34+c-kit1"" cells are more primitive than CD34+c-kithigh cells. The comparable PB-derived CD34+c-kit1"" cells also seem to represent a more immature progenitor population than the CD34+c-kithtph population. As we demonstrated, the size of erythroid burst generated by PB-derived CD34+c-kitl0" cells was significantly larger than that generated by CD34+c-kithIgh cells in the presence of IL-3 plus Epo. These results are consistent with each other and suggest that IL-9 acts on more mature erythroid progenitors than those responsive to IL-3, GM-CSF, and SCF. In an earlier report? we suggested that the primary targets of IL-3 and GM-CSF are multipotential progenitors at early and intermediate stages of development. As described, IL-3 and GM-CSF showed apparent synergistic actions with SCF on E-Mix colony formation, indicating that SCF supports multipotential progenitors at very early stages of development.
Catlett et a14" reported that exposure of BM-derived CD34' cells to c-kit antisense oligonucleotides significantly inhibited colony formation supported by IL-3 but had no effect on colony formation induced by GM-CSF. In addition, Ratajczak et a14' reported that c-kit antisense oligonucleotides selectively inhibit erythroid-burst formation induced by IL-3 plus Epo. In contrast, neither granulocyte/macrophage nor megakaryocyte colony formation was inhibited by exposure to antisense oligomer. These results suggest that the ckit/SCF system predominantly functions in erythropoiesis especially in association with IL-3.
To initiate a mitogenic signal, growth factors bind to specific receptors and activate intracellular kinases. The resulting chain of events transmits the growth signal from the cell surface to the nucleus, resulting in proliferation and differentiation of the progenitor cells. Our data show that IL-3 does not synergize with SCF in erythroid-burst formation. In contrast, GM-CSF did cooperate with SCF to support erythroid-burst formation. Therefore, IL-3 may share a common signal transduction pathway with SCF in erythropoiesis, a possibility suggested by the antisense oligonucleotides experiments discussed ab~ve.'~,~' On the other hand, the signals activated by binding of GM-CSF to its specific receptor may transmit through a different pathway, resulting in a significant additive action.
The interactions of four BPAs, SCF, IL-3, GM-CSF, and IL-9, on erythroid-burst or E-Mix colony formation are rather ~o r n p l e x .~'~~~~~~~~~ However, IL-3 consistently supported the maximal number of PB-derived BFU-E, and there was no synergistic action between IL-3 and GM-CSF, IL-9, or SCF, suggesting that GM-CSF, IL-9, and SCF each support a subpopulation of PB-derived BFU-E that is responsive to IL-3. Our studies clearly showed that GM-CSF can cooperate with SCF or IL-9 and that IL-9 is also able to cooperate with SCF to support erythroid-burst formation. In addition, a combination of GM-CSF, IL-9, and SCF supported almost the same number of BFU-E that were supported by IL-3 alone. Based on these data, we propose that GM-CSF, IL-9, or SCF supports a partially overlapping but mostly distinct population of PB-derived BFU-E. SCF exerted a stronger BPA on PB-derived CD34+c-kithigh cells, suggesting that progenitors expressing different levels of cell-surface antigens including c-kit protein respond differently to various BPAs. In other words, responsive patterns of progenitors to various BPAs possibly depend on their stage of development. It has been reported that BM-derived erythroid progenitors are more enriched in CD34+c-kit1"" cells.33 However, our data indicate that PB-derived erythroid progenitors are highly enriched in CD34+c-kithlgh cells. Therefore, BM-derived erythroid progenitors might be different populations of progenitors from PB-derived progenitors. Further studies are necessary to establish precisely how the c-kit/SCF system plays a role in human erythropoiesis.
